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We study decoherence of nuclear spins in a nanoscale GaAs device based on resistively detected 
nuclear magnetic resonance (NMR). We demonstrate how the spin echo technique can be modified 
for our system, and this is compared to the damping of Rabi-type coherent oscillations. By selec- 
tively decoupling nuclear- nuclear and electron-nuclear spin, we determine decoherence rates due to 
individual mechanisms, namely, direct or indirect dipole coupUng between different or like nuclides 
and electron- nuclear spin coupling. The data reveal that the indirect dipole coupling between Ga 
and As mediated by conduction electrons has the strongest contribution, whereas the direct dipole 
coupling between them has the smallest, reflecting the magic angle condition between the As-Ga 
bonds and the applied magnetic field. 
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Nuclear magnetic resonance (NMR) has attracted con- 
siderable renewed interest owing to its suitability for ap- 
plications in quantum computation and investigating its 
pertinent physics 1]. At present, the most powerful 
quantum computer demonstrated with the largest num- 
ber of qubits is based on molecules suspended in liquid 
solution 2]. However, liquid-state NMR lacks scalability, 
and solid-state devices, in which preferably microscopic 
quantities of nuclear spins are manipulated, are required 
for implementing realistic scalable quantum computers. 
In this context, all electrical control of nuclear spins has 
recently been demonstrated in a nanoscale GaAs NMR 
device 13, in which nanoscopic quantities of nuclear spins 
are detected resistively by taking advantage of coupling 
between nuclear spins and conduction electrons. 

In solids, however, decoherence time T2, the most im- 
portant measure of performance of a qubit, is usually very 
short compared with T2 of molecules in liquid due to lo- 
cal fluctuations in the strong direct dipole coupling dras- 
tically degrading T2. A powerful technique commonly 
used to improve T2 in solid-state NMR is magic-angle 
sample spinning 1^. However, the technique is not suit- 
able for integrated systems as spinning imposes crippling 
geometrical restrictions, and alternative measures must 
be sought. 

On top of direct dipole coupling, another source of 
decoherence is through electron-nuclear spin coupling. 
The harnessing of this, is of particularly far-reaching im- 
portance, as such coupling is not only a key candidate 
for connecting nuclear spin device elements but also a 
source of decoherence for electron spin based qubit sys- 
tems 110. 

In this Letter, we examine decoherence mechanisms 
of nuclear spins in a nanoscale GaAs device. We first 
demonstrate how the spin-echo technique can be modi- 
fied for use in the nanoscale device in order to extract 
the decoherence time free from inhomogeneous contribu- 




FIG. 1: (color online) (a) Schematic illustration of the device 
structure. The gap between the split gate electrodes is 300 
nm (b) A unit cell of GaAs. The [100] direction is parallel 
to the static magnetic field Bq. An As atom and its nearest 
neighbor Ga atoms are highlighted. 



tions, and compare the results to the damping of Rabi- 
type oscillations and discuss their relationship. Then, by 
selectively employing heteronuclear decoupling in combi- 
nation with a new electron-nuclear spin decoupling tech- 
nique our novel device allows, we determine decoherence 
rates due to individual mechanisms, namely direct or in- 
direct dipole coupling between hetero- or homonuclei and 
electron-nuclear spin coupling. The data reveal that indi- 
rect dipole coupling between Ga and As mediated by con- 
duction electrons is the strongest, whereas direct dipole 
coupling between them makes the smallest contribution, 
as an As atom and its nearest neighbor Ga atoms satisfy 
the magic angle condition 



In order to control and detect nuclear spin states by 
electron-nuclear spin coupling 0, H, 113 O, EM 113 
14], we use the fractional quantum Hall regime around 
Landau- level filling factor v = 2/3, in which coupling 
of nuclear spins to conduction electrons through con- 
tact hyperfine interactions is known to be pronounced 
0, 13, Q • the present study, we use a pair of split gates 
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FIG. 2: NMR spectra A: without and B: with electron- nuclear 
spin decoupling. The Larmor frequencies for A and B are /q = 
46.1665 and /o = 46.1752 MHz, respectively, giving a Knight 
shift S = /o — /o of 8.7 kHz. The quadrupolar frequency, 
A//i, is 15.33 kHz. The FWHM of ^^As^^^ in A and B are 
10.9 and 8.3 kHz, respectively. B has been offset (= 200 
for clarity. Heteronuclear decoupling is performed for these 
measurements. 

to constrict electrons in a channel formed in a 20-nm Al- 
GaAs/GaAs/AlGaAs quantum well [Fig. 1(a)]. Then, 
by applying a current Isd above a certain threshold, nu- 
clear spins can be polarized selectively in the constricted 
region 0,0- When a pulsed radio-frequency (r.f.) field 
is applied from the antenna gate [Fig. 1(a)], the magnetic 
component Bi of the r.f. field manipulates nuclear spins 
coherently, producing a change in longitudinal magneti- 
zation Mz of nuclear spins, which we detect through the 
four-termial resistance R of the device \16]. As we have 
shown previously, AR, the change in R before and after 
the r.f. pulse, is proportional to AM^, the change in Mz 
1^. Here, we define AR as positive when R drops af- 
ter the r.f. pulse. All the measurements were performed 
with Bi of 0.3 mT at a temperature of ~ 0.1 K and at 
static magnetic field Bq = 6.3 T with the split gate volt- 
age Vsp and /sd of —0.25 V and 9 nA, respectively, unless 
otherwise specified. 

The lower trace in Fig. 2 (A) shows AR measured as 
the r.f. frequency was scanned ^17j . The pulse width rp 
was set to 0.13 ms, which corresponds to a 7r-pulse of the 
transition between states | — 1/2 > and | — 3/2 >, denoted 
as '^^As^^^ (inset to Fig. 2). These three peaks correspond 
to transitions between adjacent spin levels in the spin-3/2 
system of As, which are spectrally split by an additional 
quadrupole interaction. In the following, we focus on the 
transition ^^As^^^ and examine its nuclear spin dynamics. 

We first demonstrate how the spin echo technique, a 
conventional method to determine T2 in standard NMR 
1^, can be modified to be compatible with our Mz- 
detection method and examine the T2 time. In spin echo 
for standard NMR, a sequence of pulses is applied, which 
consists of an exciting 7r/2-pulse and a refocusing 7r-pulse 
separated by time interval r (denoted by 7r/2-r-7r), where 
the refocusing pulse is used to cancel out inhomogeneous 
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FIG. 3: fa) Spin echo experiment based on the -detection 
method p with two different pulse sequences. A: 7r/2-r-7r-r- 
7r/2 and B: 7r/2-T-7r-r-37r/2 (inset), where the time length of 
the 7r/2-pulse, is 67 /is. AR is plotted as a function of 

time length r/ = r + 4x^^/2 for A and r/ = r + 6x7^/2 for B. (b) 
Rabi-type coherent oscillations of AR by applying single r.f. 
pulses with pulse width rp (inset). Heteronuclear decoupling 
is performed for this measurement. 



contributions to the decoherence, allowing the intrinsic 
decoherence to be extracted 0j. In contrast to standard 
NMR, which detects the echo signal as free induction 
decay of transverse magnetization Mxv U] , our scheme 
probes longitudinal magnetization Mz P] , which then re- 
quires an additional detection pulse (either 7r/2 or 37r/2) 
to convert Mxy to Mz at the end of the pulse sequence. 
Figure 3(a) shows AR obtained by two different pulse 
sequences (A: 7r/2-r-7r-r-7r/2 and B: 7r/2-r-7r-r-37r/2) as 
a function of r', the total time length of the pulse se- 
quence [inset to Fig. 3(a)]. The r' dependence of AR 
can be well described by exponential decay functions 
(X 1 ± exp(-r7T2^^h°) (- and + for A and B, respec- 
tively). The decay time T^^cho estimated to be ~ 0.75 
ms 17]. 

Rabi-type coherent oscillations can be observed when 
a single pulse with a varying width rp is applied instead 
of an echo pulse sequence. As shown in Fig. 3(b), AR 
as a function of rp shows clear oscillations. Such coher- 
ent oscillations in Fig. 3(b) clearly persist longer than 
the echo signal in Fig. 3(a). By fitting an exponentially 
damped sine function in Fig. 3(b) we obtain T2^^^^ - 1.2 
ms [13, which is longer than T^^^^^. During Rabi-type 
oscillations, since inhomogeneous contributions to M are 
spherically symmetric on the Bloch sphere, inhomoge- 
neous contributions are naturally refocused and are can- 
celed out, and does not affect T^^^^S as with T^"^^"". How- 
ever, in spin echo experiments the magnetization vector 
M of nuclear spins is on the x?/-plane 4], whereas in co- 
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FIG. 4: Coherent oscillations with and without heteronuclear 
and electron-nuclear spin decoupling. The r.f. frequencies 
used were 46.1985 MHz for (a) and (b), and 46.207 MHz for 
(c) and (d) to allow for the Knight shift. The broadband 
CW r.f. radiation used for heteronuclear decoupling had a 
magnetic component with peak intensity ^ 2 /xT and was 
frequency-modulated by the internal noise of each r.f. gen- 
erator, (a) Without any decoupling, (b) With heteronuclear 
decoupling. (c)With electron- nuclear spin decoupling, (d) 
With heteronuclear and electron- nuclear spin decouplings. 



herent oscillation measurements M is always driven by 
the r.f. field continuously around the great circle of the 
Bloch sphere [ij , and is robust against decoherence when 
M is near the localized states | — 3/2 > and | — 1/2 >. 
The value of T^^^^^ we obtain is therefore consistent with 
expectation and demonstrate that the altered spin-echo 
technique successfully measures the decoherence time. 

In the remainder of this paper, we concentrate on eval- 
uating the decoherence in our nuclear spin qubit. We 
focus on T^^^' as opposed to T^''^'' since T^^^' (= T2, 
henceforth) is more directly relevant to quantum com- 
putation as it represents the length of time available for 
operations In order to distinguish individual deco- 
herence mechanisms, we employ two distinctly different 
techniques to decouple ^^As nuclei from their environ- 
ment. 

The first is the following broadband decoupling Ts] . In 
addition to the r.f. pulse resonant with ^^As^^^, broad- 
band continuous- wave (CW) r.f. with center frequen- 
cies at Larmor frequencies of ^^Ga and ^^Ga (64.74 and 
82.26 MHz at 5o = 6.3 T) and bandwidths of 70 and 
50 kHz covering the whole quadrupolar-split spectrum of 
each Ga isotope are combined together and applied to 
the point contact through the antenna gate. Such CW 
broadband r.f. randomizes ^^'^^Ga nuclear spins, thereby 
averaging the inhomogeneous local field due to heteronu- 
clear dipole coupling. Figure 4(a) and (b) compare co- 
herent oscillations of ^^As obtained (a) without and (b) 
with the heteronuclear decoupling. The data clearly show 
that the coherent oscillations persist longer with the de- 



TABLE I: Table I Contributions to the decoherence rate I/T2 
(ms~^) for each panel of Fig. 4., with measured values. 
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e-As, As-e 


- 1.67 


(b) 


As-As, As- 


e-As, As-e 


- 0.83 


(c) 


As-Ga, As-As, 




- 0.67 


(d) 


As- As, 




- 0.56 



TABLE II: Individual contributions to the decoherence rate 
I/T2 (ms-^) _26]. 

As-Ga As-e-Ga As-As As- e-As, As-e 
17^2-0.11 ^0.73 ^0.56 ^0.27 



coupling. T2 is found to be improved from ~ 0.6 to 1.2 
ms. 

The second is the following electron-nuclear spin de- 
coupling. Our device allows to decouple nuclei from the 
electron, since electrons in the point-contact region can 
be depleted during the manipulation of nuclei with the 
r.f. pulse. This was achieved by setting I^d to zero and 
applying a larger negative voltage, = —0.8 V, to 
the split gates. We find that the NMR spectrum thus 
obtained (Line B in Fig. 2) appears at slightly higher 
frequencies (by 8.7 kHz) compared with that without 
electron- nuclear spin decoupling (Line A). The shift due 
to the presence of conduction electrons, i.e., the Knight 
shift |i,Ell23Jpll23, reflects the effective magnetic field 
(—1.187 mT I22I) produced by the spins of the conduction 
electrons, which modifies the Zeeman energy of nuclear 
spins [2^. Figure 4(c) shows coherent oscillations ob- 
tained with this electron-nuclear spin decoupling, which 
shows T2 to be enhanced to ~ 1.5 ms. By using both of 
the two decoupling techniques, T2 is further extended to 
~ 1.8 ms, as shown in Fig. 4(d). 

Now we extract decoherence rates, 1/^2, contributed 
by individual mechanisms from the set of data in Figs. 
4(a)-(d). A comparison between (a) and (b) reveals an 
improvement in I/T2 by ~ 0.84 ms~^, which can be at- 
tributed to direct and indirect heteronuclear dipole cou- 
pling (denoted as As-Ga and As-e-Ga). Similarly, by 
comparing (a) and (c), the improvement of I/T2 by ~ 1.0 
ms~^ can be ascribed to the mechanisms involving con- 
duction electrons, i.e., the electron- nuclear spin coupling 
(denoted as As-e) and the indirect homo- or heteronu- 
clear dipole coupling mediated by conduction electrons 
(denoted as As- e-As and As-e-Ga, respectively). In (d), 
where all these mechanisms are eliminated, the observed 
I/T2 ~ 0.56 ms~^, can be identified as due to direct 
homonuclear dipole coupling (As-As) [2^ . Table I shows 
a summary of the estimations ^26] . Putting all these re- 
sults together, we arrive at decoherence rates due to in- 
dividual mechanisms as presented in Table 11. 

The results obtained above reveal that, compared to 
other mechanisms, the heteronuclear direct dipole cou- 
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pling (As-Ga) only makes a small contribution to the 
decoherence, which may seem counterintuitive. In gen- 
eral such direct dipole coupling, which is inversely pro- 
portional to |r|^, where r is the vector between two nu- 
clei 1^, is known to be the strongest j^^, because Ga 
atoms are nearest neighbors to As atoms (with distance 
ri = 0.433a. a = 0.565 nm is the lattice constant of 
GaAs ^].) However, the dipole coupling is also depen- 
dent on the angle between r and vector Bq by a factor 
3 cos^ 6> - 1 3. When Bq points along the [100] direction 
[see Fig. 1(b)], angles of sp^ bonds between As and its 
nearest neighbor Ga atoms are all = 54.7347 , which 
satisfies 3 cos^ 6 — 1 = (i.e., the magic angle). The main 
contribution to As-Ga, therefore, comes from Ga nuclei 
in the third nearest (ra = 1.0897a) or farther lattice sites 
In contrast, As-e-Ga has the strongest contribution 
among other contributions because As and Ga nuclei can 
couple with the shortest distance ri via conduction elec- 
trons. 

In summary, we extracted individual decoherence rates 
of nuclear spins in a nanoscale region by introducing elec- 
trically controlled decoupling techniques: heteronuclear 
and electron-nuclear spin decoupling. We demonstrated 
that heteronuclear direct dipole coupling is a less im- 
portant factor in determining the decoherence compared 
with other sources due to the magic angle of the crystal 
bonds. This result is applicable to any Zinc blend and 
diamond structure when the crystal is placed such that 
the [100] direction is parallel to Bq. The orientation of 
crystal will play an important role for controlling inter- 
actions between heteronuclei for quantum entanglement 
in multi-qubit quantum computation using heteronuclei. 
In our experiment the T2 time is extended to ~ 1.8 ms by 
a factor of ~ 3. Further improvements to T2 will be al- 
lowed by homonuclear decoupling and more sophisticated 
heteronuclear decoupling techniques 0, 0, HDl • 
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